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The blueberry is a recent major fruit crop to be brought under cultivation; improvement through breeding and selection did not begin until 1909 (Coville, 1937) . The primary gene pool of blueberry consists of three species, highbush blueberry [Vaccinium corymbosum (2n = 4x = 48)], lowbush blueberry [V. anguslifolium (2n = 4x = 48)], and rabbiteye blueberry [V. virgatum (2n = 6x = 72) ], whereas the remaining noncultivated Cyanococcus species constitute the secondary gene pool (Lyrene and Ballington, 1986) . During 100 years of blueberry improvement, homoploid and heteroploid interspecific hybridizations have been used extensively to combine useful traits found in the primary gene pool and to incorporate novel traits from wild germplasm. Wide hybridization reached its height during the development of "southern" highbush blueberry cultivars, which began in 1948 at the University of Florida (Sharpe, 1953) . Southern highbush blueberries (SHB) are lowchill (less than 600 It below 7 °C) interspecific hybrids derived from highbush blueberry, lowbush blueberry, rabbiteye blueberry, and wild diploid species native to the southeastern United States (Ballington, 1990; Draper, 1997; Lyrene and Ballington, 1986; Sharpe and Darrow, 1959) ; the use of wild germplasm resulted in the incorporation of traits such as low chilling, tolerance to heat, drought and mineral soils, and disease resistance that helped to expand the geographic limits of highbush blueberry production. Unexpectedly, wild germplasm also improved fruit quality traits such as picking scar, firmness, color, and flavor (Draper, 1997) . Although highbush blueberry breeding has been reviewed multiple times, it has been difficult to assess the genetic contributions of wild germplasm to SHB cultivars, because: 1) complete pedigrees (particularly those of newest cultivars) are not always available in the literature; 2) pedigree records generally mention Vaccinium taxa that are no longer valid; and 3) many SHB cultivars have unknown ancestors as a result of random selection of parents that go unreported or deliberate open-pollination.
Despite the important role of wide hybridization in blueberry breeding, we know little about its effects on DNA polymorphism. SHB are assumed to be highly heterozygous because of their broad genetic base (Lyrene, 2002) ; however, the hypothesis that wide hybridization has increased the levels of heterozygosity in cultivated highbush blueberry should be tested using a molecular approach. The objectives of this study were: 1) to report the expected genetic contribution of the Vacciniurn species that constituted the current genetic base of cultivated SHB; 2) to establish the usefulness of microsatellite markers in assessing genetic relationships among SHB cultivars; and 3) to estimate the impact of wide hybridization on genetic relatedness and heterozygosity of highbush blueberry.
Materials and Methods

PEDIGREE INFORMATION.
Pedigrees of 107 tetraploid highbush blueberry cultivars released from seven public agencies in the United States were collected from published sources (Brooks and Olmo, 1997; Clark and Finn, 2006; Coville, 1937; Darrow et al., 1954; Draper et al., 1982; Ehlenfeldt, 1997; Hancock et al., 1995; Lyrene and Sherman, 2000; Lyrene et al., 1997; Moore, 1989; Okie, 1999 Okie, , 2002 Okie, , 2004 Rooks et al., 1995; Sharpe and Sherman, 1976; Spiers etal., 2002) , breeding records, and direct communication with blueberry breeders (P.M. Lyrene and S.J. Stringer, personal communications). All crosses were entered into an Access database (version 2003; Microsoft Corp., Redmond, WA) . Peditree, a software developed to query pedigree databases in Access format (van Berloo and Hutten, 2005) , was used to construct tree-shaped representations of complete pedigrees, search for descendants of cultivars or selections of interest, and determine the number of cycles of selection. Cycles of selection were defined as the number of generations separating a cultivar from the farthest founding V. corymbosum clones. Cultivars were classified as SHB if at least one Vaccinium species native to the southeastern United States appeared in their ancestry. This broad definition, which does not take into account chilling requirement, was adopted to investigate the use of low chill wild gennplasm beyond the boundaries of a particular growing region. Northern highbush blueberries (NHB) were classified as "historical" if they represented one to four cycles of selection and "modern" if they represented five to seven. Historical NHB, as defined previously, were introduced primarily from the 1920s through the 1960s.
EXPECTED GENETIC CONTRIBUTION. The expected genetic contribution of a clone or species to a cultivar was calculated as described by Sjulin and Dale (1987) :
where GC is the expected genetic contribution of a wild clone or group of clones from the same species, n = number of generations in a pedigree pathway between the clone and the cultivar, and x = number of pathways between the clone(s) and the cultivar. According to Eq.
[1], expected parental contributions are 0.5 for an F 1 individual and either of its parents; the assumption of equal contributions from both parents is always adopted in pedigree-based studies (e.g., Bernardo et al., 2000; Enoki et al., 2002; Liu et at., 2003; Sjulin and Dale, 1987) , although deviations between observed and expected parental contributions are known to occur (Bernardo et al., 1997) . Expected genetic contributions were adjusted when parents involved in the cross had different ploidy levels. We assumed that: 1) most hexaploid x diploid crosses produced pentaploid individuals with a genetic composition of 60% hexaploid parent to 40% diploid parent (Draper, 1997) ; 2) the selection US-17 (hexaploid x diploid) is an exception to the preceding rule, because it was known to be tetraploid (Darrow et at.. 1954) ; its genetic composition was assumed to be 75% 'Callaway' (hexaploid) to 25% V. tene//um (diploid); and 3) tetraploid x V. darrowii (diploid) crosses produced tetraploid individuals with a 50% contribution from each parent (Draper and Hancock, 2003) .
TETRsoIIc INBREEDING COEFFICIENT. The inbreeding coefficient (F) of autotetraploid highbuii blueberry cultivars was calculated according to Loiselle et al. (1989) as the probability of a random pair from the four alleles at a locus being identical by descent:
where F is the tetrasori'iic inbreeding coefficient of the genotypes of the full-sib family derived from the cross between parents Y and Z; F, and-F-are the inbreeding coefficients of the parents; and
where R is the relationship coefficient between the parents obtained by the summation of the preceding formula over the paths of relationship for all common ancestors (F 4 ). The terms n 1 and n 2 are the number of generations separating parents Y and Z from the common ancestor. Peditree was used to identify common ancestors and to deterniine n 1 and n2 . Eqs.
[2] and [3] were calculated using Excel 2003 (Microsoft Corp.). All parents were treated as tetraploid, and ancestors of unknown origin (e.g., founding clones) were assumed to be unrelated and noninbred. Cultivars with unknown parents or grandparents were excluded from calculations (six SHB cultivars: 'Avonblue', 'Emerald', 'Flordablue', 'Misty', Santa Fe', and 'Sunshine Blue'; five NHB cultivars: 'Aurora', 'Brigitta Blue', 'Caroline Blue', 'Denise Blue', and 'Liberty'). COANCESTRY COEFFICIENT. Coancestry is the degree of relationship by descent between two individuals and is equivalent to the inbreeding coefficient of their progeny if they were mated (Falconer and Mackay, 1996) . Coancestry coefficients for autotetraploid highbush blueberry were calculated using a program that assumes disomic inheritance given the limitation that no software has been specifically developed for autotetraploid crops. In a preliminary test, the tetrasomic inbreeding coefficient of 29 NHB cultivars was significantly correlated with the disomic coancestry coefficient between their parents (r = 0.75; P 0.0001). Coancestry coefficients for pairwise comparisons within historical NHB, modern NHB, and SHB were calculated using the software KLN (Tinker and Mather, 1993) assuming S = 0 as the inbreeding method (no selfpollination; the degree of inbreeding was determined from the pedigree). Only cultivars with well-documented pedigrees (genetic composition 12.5% or less unknown) were considered for this analysis (38 historical NHB, 23 modem NHB, and 35 SHB).
PEDIGREE-BASED CLUSTERING ANALYSIS. Pedigree-based genetic distances among SHB cultivars were calculated by subtracting disomic coancestry coefficients from one. Then the software PowerMarker (version 3.25; Liu and Muse, 2005 ) was used to cluster cultivars based on genetic distances by the neighbor joining method. The output dendrogram was generated and edited using MEGA (version 4; Tamura et al., 2007) . Three NHB genotypes that were extensively used in SHB cultivar development (Earliblue, Bluecrop, and Berkeley) DNA was extracted in duplicate from actively growing young leaves using a modified large throughput protocol based on the PUREGENE ® kit (Gentra Systems, Minneapolis, MN; detailed protocol provided on request from the author). The microsatellite or simple sequence repeat (SSR) markers used in this study were derived from expressed sequence tag libraries (16 primer pairs: CA23F, CA94F, CAI l 2F, CAl 69F, CA I 90R, CA236F, CA344F, CA42IF, CA483F, CA787F, CA794F, CA855F, NA41, NA398, NA961, and NAI040) and a microsatellite-enriched genomic library (five primer pairs: VCC 12, VCC 18, VCC J3, VCC J9, and VCC K4) constructed from NHB 'Bluecrop' DNA (Boches et al., 2005) ; these markers have been successfully used to amplify SSR loci across species of Vacciniurn section Cyanococcus (Boches et al., 2006b) . Polymerase chain reactions (PCRs) were carried out separately for each primer pair and up to three PCR products (one per SSR primer set) were pooled in a multiplex and separated using capillary electrophoresis.
PCR reactions were performed in 15 j.tL volume containing lx reaction buffer, 2 mm MgCl2 , 0.2 mm dNTPs, 0.3 JIM of each primer (fluorescently labeled forward primer and an unlabeled reverse primer), 0.375 units of Biolase Taq DNA polymerase (Bioline USA, Taunton, MA), and 4.5 ng of genomic DNA. The PCR protocol consisted of an initial denaturation at 94 °C for 3 mm, 35 cycles in an Eppendorf Gradient thermocycler (Eppendorf North America, Westbury, NY), or an MJ Research Tetrad thermocycler (MJ Research, Waltham, MA) programmed for a 40-s denaturation step at 94 °C, a 40-s annealing step at the optimum annealing temperature of the primer pair (Boches et al., 2005) , and a 40-s extension step at 72 °C. A final extension step was included at 72 °C for 30 mm. The success of the PCR reaction was verified by agarose (2%) gel electrophoresis before separation by capillary electrophoresis. The forward primers for CA23F, CAI 12F, CAI69F, and NA398 were fluorescently labeled with FAM, HEX, or NED and the resulting PCR products were separated by capillary electrophoresis using an ABI 3100 capillary sequencer (Applied Biosystems, Foster City, CA) at the Central Services Laboratory (Oregon State University, Corvallis, OR). GeneScan (version 2.1; Applied Biosystems) and Genotyper (version 2.0; Applied Biosystems) were used for automated data collection and computation of allele size and accurate visualization of the alleles. The forward primers of the remaining SSRs were fluorescently labeled with WeI1RED (Beckman Coulter, Fullerton, CA) and the amplification products were analyzed using a CEQ 8000 genetic analyzer (Beckman Coulter). Allele sizing and visualization were performed using the fragment analysis module of the CEQ 8000 software (Beckman Coulter).
SIMPLE SEQUENCE REPEAT MARKER DATA ANALYSIS. SSR-based
genetic distances between cultivars were computed using PowerMarker with the proportion of shared alleles distance (D):
where p 1 and qjj are the frequencies of the ith allele at the jth locus, m is the number of loci examined, and ai is the number of alleles at the jth locus. Each allele was treated as a separate locus in this analysis because allele dosage could not be inferred from SSR fingerprints of tetraploid individuals. Therefore, SSR data were transformed into a binary data matrix before analysis with "1" indicating the presence and "0" the absence of an allele.
To determine the usefulness of SSR markers in assessing genetic relationships, a correlation analysis was performed using SSR-and pedigree-based genetic distances among 18 fingerprinted SHB cultivars that have well-documented pedigrees (genetic composition 12.5% or less unknown). D, and pedigree-based distances were calculated for all pairwise comparisons excluding cultivars with themselves and reciprocals. The Pearson's correlation coefficient was calculated using SAS PROC CORR (SAS Institute, Cary, NC). SHB cultivars were clustered based on proportion of shared alleles distances using the same software and methods described previously for the pedigree-based clustering analysis.
Finally, the heterozygosity of a cultivar was defined as the average number of SSR alleles per locus. Given that SSR primer pairs amplified up to four alleles per individual, it was assumed that they correspond to a single locus. Therefore, the heterozygosity of a cultivar was calculated dividing the total number of amplified alleles by 21 loci.
Results and Discussion
CURRENT GENETIC BASE OF CULTIVATED SOUTHERN HIGHBUSH
BLUEBERRY. The taxonomy of Vaccinium section Cvanococcus is unclear with the number of species ranging from 24 (Camp, 1945) to 9 (Vander Kloet, 1988) depending on the philosophy of the taxonomist. In this study, we adhered to Weakley (2007) in his notion that Vander Kloet's concept of V. coiynbosuin is too broad, resulting "in the taxonomic homogenization of the diversity of the group." For instance , Vander Kloet (1988) included V. elliottii in V. corymbosuin, whereas allozyme and SSR marker data support the recognition of both taxa as distinct species (Boches et al., 2006b; Bruederle and Vorsa, 1994) . Therefore, in this study, we followed Weakley (2007) by recognizing V. constablaei, V. elliotiii, and V. virgatuni as valid species. However, Weakley also introduced a controversial idea, which is that V. corymbosuin germplasm has played a secondary role in cultivar development and that V. forinosum Andrews (syn. V. australe Small, sensu Camp) is the species with the largest contribution to the genetic base of cultivated highbush blueberry. Because V. coy,nhosum is broadly recognized as the primary source of germplasm in the cultivated highbush blueberry (Luby et al., 1991 ; U.S. Department of Agriculture, 2007), we used a species list that compromises between the taxonomic philosophies of Weakley and Vander Kloet (Table 1 ). According to this treatment, seven species now constitute the genetic base of cultivated SHB. Blueberry breeders from public agencies have also hybridized highbush blueberry with three additional species, V. Inyrsinites Lamarck, V. palliduni Ait., and V. si,nulatum Small, which may eventually be incorporated into the genetic background of named SHB cultivars (Ballington et al., 2006) .
EXPECTED GENETIC CONTRIBUTIONS OF SPECIES AND CLONES.
Vacciniu,n darrowii is present in the ancestry of 37 of 38 SHB cultivars ( Table 2 ). The sources of germplasm were Florida 413, FL 4A, clone "D," and Florida 9A. In many instances, pedigree records do not specify clone names, so the contribution of additional clones such as Florida 6A and Florida 34 may have gone unreported. The average genetic contribution of V. darrowii to SHB is 15% (overall average across 38 cultivars). 'Biloxi', 'Sharpblue', 'Palmetto', and 'Jubilee' are, in that order, the cultivars with the highest proportion of V. darrowii, ranging from 27% to 33%.
Vaccinium virgaluni is present in the ancestry of 24 SHB cultivars. The sources of germplasm were 'Black Giant', 'Myers', "A#1 ", 'Ethel' (also known as 'Satilla'), 'Walker', and "#3". The average genetic contribution of V. virgatuni to SHB is 5%. 'Flordablue', 'Sharpblue', 'Cara's Choice', 'Sierra', and 'Biloxi' are the cultivars with the highest proportion of V. virgatum, ranging from 11% to 15%.
Vacciniuni tenellutn is present in only eight cultivars and its expected genetic contribution ranges from 0.2% to 1.3%. All contributions can be traced back to two interspecific hybrids selected from the cross V. virgatuin 'Callaway' x V. tenelluin; these are the tetraploid US-17 and an unnamed pentaploid selection.
Vaccinium constahlaei is present in the ancestry of 'Cara's Choice' and 'Sierra'. This species is native to the mountains of western North Carolina and eastern Tennessee and has been used in blueberry breeding to transfer late flowering and early ripening (Ballington et al., 1984; Ehlenfeldt, 1997) . 'Cara's Choice' and 'Sierra' are cold-hardy and have a high chilling requirement (greater than 600 h below 7 °C), so their phenotype does not correspond to that of a "true" SHE. Nevertheless, for the purpose of this study, both cultivars were classified as SHB because of the presence of low chill species in their ancestry.
'Carteret' is unique among SHB because it is the only cultivar released to date that has V. elliottii in its genetic background; also, it is the only tetrap)oid SuB cultivar without any V. darrowii in its genetic background.
The average genetic contribution of Vacciniuni angus/i/bhum to SHB is 4%. The sources of germplasm were 'Russell', which is one of Coville's (1937) founding clones, and also 'North Sedgewick' and 'Michigan Lowbush #1'. The North Carolina cultivars Blue Ridge, Cape Fear, Sampson, and O'Neal have the highest' proportion of V. angustijhliurn, ranging from 11% to 16%.
The expected genet'k contribution of V. corymbosum has declined from 97% it(the original northern-adapted gene pool to 72% in the average SHB cultivar. The NHB genotypes most commonly used as parents during SHB cultivar development, followed by their number of SHB descendants, were: 'Earliblue' (27), 'Bluecrop' (23), 'Berkeley' (16), US] 1-93 (16), F-72 (14) , and 'Dixi' (10).
GENETIC RELATIONSHIPS AMONG SOUTHERN HIGHBUSH BLUEBERRY BASED ON PEDIGREE AND SIMPLE SEQUENCE REPEAT
MARKER DATA. SSR-and pedigree-based genetic distances between pairs of SHB cultivars were gnificantly correlated (P 0.0001), although the correlation\coefficient was relatively small (r = 0.57). In general, relatedness measures based on pedigree data are expected to deviate to some extent from those based on molecular marker data because the former are dependent on assumptions that can be violated; e.g., allelic contributions from both parents are equal (i.e., no selection, mutation, or genetic drift), pedigree records are accurate, and 'Synonyms are given for comparison with taxa from three taxonomic treatments of the genus. Unknown (6.3) founding clones are unrelated (Liu et at., 2003) . Previous studies in maize have shown significant (P 0.05) correlations between SSR-and pedigree-based relatedness measures (Bernardo et al., 2000; Enoki et al., 2002; Liu et al., 2003; Pejic et al., 1998; Smith et al., 1997) ; the magnitude of the correlation coefficients reported in these studies appears to be related to the number of SSR markers used. Although Bernardo et al. (2000) obtained the highest correlation coefficient (r = 0.92) using 195 primer pairs, Pejic et al. (1998) obtained the lowest (r = 0.53) using 27 primer pairs. The relatively low correlation coefficient obtained in this study may be explained by: I) the low number of SSR markers used (21 primer pairs); 2) the high proportion of dinucleotide repeat SSRs (12 markers or 57%), which tend to have higher mutation rates than SSRs with longer repeat motifs (Liu et al., 2003) ; or 3) the use of pedigree distances based on disomic inheritance.
A dendrogram was constructed to show genetic relationships based on pedigree data (Fig. 1) . The largest dade grouped V.
darrowii Florida 4B backcross derivatives to V. corvnibosurn with 'Bluecrop' as the common NHB parent. These cultivars are primarily BC, ('Blue Ridge', 'Cape Fear', 'Cooper', 'Dixieblue', 'Georgiagem', 'Gulf Coast', and 'Legacy') and BC 2 ('Sampson'). The three remaining SHB cultivars in this group (full-sibs 'Arlen', 'Ozarkblue', and 'Summit') have V.
virgatum in their genetic background in addition to V. darrowii.
Cultivars from this dade were developed for a variety of growing areas, ranging from New Jersey to Mississippi (USDA plant hardiness zones 6 to 8, respectively).
'Sharpblue' clustered with its progeny 'Biloxi', 'Jubilee', and 'Sebring'. All four cultivars are low chill blueberries developed for USDA plant hardiness zone 8. The pedigree of these cultivars is fairly complex; e.g., 'Biloxi' contains five F,s V. angustitbliuin in their ancestry (greater than 6%) with clone 'North Sedgewick' as the main contributor.
'Camellia', 'Gupton', 'Draper', and 'Duplin' clustered with either 'Berkeley' or 'Earliblue', reflecting the fact that one of these two NHB was frequently used as recurrent parent. 'Camellia' and 'Gupton' are full-sibs. 'Draper' and 'Duplin' have a high proportion of V. corvrnbosum 'Ashworth' in their ancestry (18.8% and 25.0%, respectively).
Full-sibs 'Bladen' and 'Reveille' clustered together. Approximately 13% of their genetic composition is expected to come from 'Crabbe-4', a wild V. coymbosum clone that is not present in the ancestry of NHB cultivars released by Coville (1937) .
Several cultivars were distantly related to other SHB primarily because of the contributions from "rare" wild clones. An unnamed V. constablaei clone is present in 'Cara's Choice' and 'Sierra'. V. coiynibosurn B-1 is present in full-sibs 'Beaufort', 'Craven', 'Lenoir', and 'Pamlico'. Also, V. elliottii E4-2 is present in 'Carteret'.
Dendrograms constructed from pedigree data ( Fig. 1 ) and D 1 (Fig. 2) exhibited many similarities. For instance: 1) 'Blue Ridge', 'Cape Fear', 'Legacy', 'Ozarkblue', and 'Georgiagem' were grouped in the same dade as 'Bluecrop'; 2) 'Biloxi', 'Jubilee', and 'Sebring' clustered with their parent 'Sharpblue'; and 3) full-sibs 'Bladen' and 'Reveille' clustered with each other and showed a loose association with other SHB.
Several cultivars were not included in the pedigree-based clustering analysis because of their incomplete pedigree records. In the case of 'Flordablue', its species composition is Sharpblue expected to be very similar to that of Sebring 'Sharpblue' (Table 2) , so it was not Jubilee Biloxi surprising that both cultivars were Caras Choice grouped in the same dade (Fig. 2) . (Fig. 1) ; furthermore, these cultivars shared more alleles with their NHB ancestors 'Bluecrop' and 'Earliblue' than with each other (Fig. 3) despite that the genetic contribution of V. corvrnbosurn to 'Cara's Choice' and 'Sierra' is expected to be low (48%; Table 2 ). These results suggest that selection under New Jersey conditions could have favored the highbush parent and that the pedigree data would overestimate the actual proportion of the genome derived from low chill species.
'Craven', 'Draper', and 'Magnolia' clustered with each other despite their low degree of coancestry. 'Draper' and 'Magnolia' have selection E-22 as a common ancestor, which is a 'North Sedgewick' BC, derivative to V. coiyrnbosurn. Similarly, 'Craven' and 'Magnolia' have selection F-6 as a common ancestor, which is an F 1 from 'Crabbe-4' and cultivated NHB. It may be possible that rare alleles from 'North Sedgewick' and 'Crabbe-4', which have not been transferred to other SHB cultivars included in this study, are responsible for the close shared allele distances among 'Craven', 'Draper', and 'Magnolia'. Finally, 'Star' did not cluster with its parent 'O'Neal', and instead, exhibited a closer shared allele distance to 'Avonblue's' dade. These results suggest that selection under Florida conditions could have favored alleles from low chill ancestors over those from V. angustifolium.
In summary, pedigree and SSR distances were significantly correlated, and dendrograms constructed from either data set exhibited many similarities. SSRs were, in most cases, a reliable tool to assess the genetic relationships among SHB cultivars. pedigree-based genetic distances between pairs of highbush blueberry cultivars are shown in Figure 3 . According to pedigree data, SHB cultivars were more distantly related to each other than NHB cultivars to each other. Median genetic distances among SHB, NI-113-historical, and NHB-modern cultivars were 0.90, 0.88, and 0.83, respectively. Distributions of shared allele distances between pairs of highbush blueberry cultivars are shown in Figure 4 . Genetic distances calculated from pedigree and SSR marker data followed a similar pattern, although Dsa among SHB were not higher than those among NHB-historical. Median Dsa among SHB, NHB-historical, and NHB-modern were 0. 19, 0.19, and 0. 17, respectively.
INBREEDING COEFFICIENT AND HETEROZYGOSITY OF NORTHERN HIGHBUSH BLUEBERRY AND SOUTHERN HIGHBUSH BLUEBERRY
CULTI'vARS. The tetrasomic inbreeding coefficient (F) was significantly correlated to heterozygosity in NHB (r = -0.41; n = 34; P 0.05); as expected, heterozygosity tended to decrease with increasing levels of inbreeding. However, the magnitude of the Pearson's correlation coefficient was low, indicating that heterozygosity can vary greatly among cultivars with the same level of inbreeding. In SHB, F and heterozygosity were not correlated (r = 0.13; n = 19; P> 0.05).
NHB-modern cultivars are more inbred than either the NHB-historical or SHB genotypes (Fig. 5) . Median inbreeding coefficients for SHB, NJ-lB-historical, and NHB-modern cultivars were 0.0013, 0.0013, and 0.0035, respectively.
The distributions of loci in wild V. corvmbosum clones and NHB-historical cultiyars were not statistically different (x 2 = 0.5; df = 3; P > 0.05) (Fig. 6) . NHB-historical and NHBmodem exhibited different loci distributions (x2 = 19.7; df= 3; P 0.001), with the first being more heterozygous than the latter. In NHB-modern, the frequency of quadriallelic loci (with four different alleles) was significantly reduced relative to NHB-historical, which has resulted in an increase in the frequency of loci with one and two alleles.
NHB-historical and SHB exhibited different loci distributions (x2 = 13.6; df= 3; P s 0.01) with the first being more heterozygous than the latter. Additionally, SHB and NHBmodern exhibited similar loci distribution (x2 = 4.0; df = 3; P> 0.05), despite NHB-modern being on average almost three times as inbred as SHB. Fig. 3 . Distributions of pedigree-based genetic distances among northern highbush blueberry (NHB) and southern highbush blueberry (SHB) cultivars. Genetic distances were calculated for all pairwise comparisons, excluding cultivars with themselves and reciprocals. NHB cultivars were considered "historical" if they had one to four cycles of selection and "modern" if they had five to seven. Sample sizes (number of cultivars) were as follows: NHBhistorical = 38; NHB-modern = 23; SHB = 35. NHB cultivars were noninbred up to two cycles of selection (Fig. 7) . Then, F increased considerably in the third generation because of hybridization within the limited genetic base of NHB. F dropped considerably at six cycles of selection because of resampling of wild V. corymbosum germplasm; e.g., clone 'Ashworth' in cultivars such as 'Bluegold' and 'Nui' and clone B-1 in 'Pender'. However, F increased to its highest level at seven cycles of selection. The general trend of increasing values of F with increasing cycles of selection is consistent with previous reports (Ehlenfeldt, 1994; Hancock and Sielker, 1982) . In SHB, F and cycles of selection were not correlated (r = -0.29; n = 19; P> 0.05).
In NHB, heterozygosity and cycles of selection were negatively associated (P a 0.001; Fig. 8 ). Our fitted regression model predicts that NHB cultivars with one and seven cycles of selection have an average of 2.79 and 2.44 SSR alleles per locus, respectively; these estimates indicate that, after six cycles of selection, the heterozygosity of NHB cultivars had dropped 12%. Selection targeted at individual loci will reduce genetic diversity within and around the selected loci (Halliburton, 2004) . The negative association between heterozygosity and cycles of selection in NHB would indicate decreasing diversity throughout the genome as a consequence of selective breeding acting on many loci controlling a variety of traits. In SHB, heterozygosity and cycles of selection were not statistically associated (r = -0.36; n = 23; P > 0.05), suggesting that most of the loss of alleles occurred during the stage of germplasm enhancement; this genetic "erosion" could also explain why heterozygosity was not correlated with inbreeding coefficient in SHB.
Conclusion
In this study, we report the genetic contributions of seven Vaccinium species that constitute the current genetic base ofcultivated SHB (Table I ) and demonstrate the usefulness of SSR markers to assess genetic relationships among SHB cultivars.
Previous studies in field crops have shown that pedigreebased diversity measurements can result in an overestimation of the actual level of genetic diversity in the gene pool as a result of the assumptions that are made regarding genetic drift, selection pressure, and the relatedness of ancestors with unknown pedigree (Cox et al., 1985; Kim and Ward, 1997; Soleimani et al., 2002) . Our results were consistent with these studies in the sense that pedigree data tended to overestimate the effects of wide hybridization on genetic diversity of highbush blueberry, so our conclusion is that SHB are less genetically diverse than previously thought. First, levels of molecular relatedness within SHB were similar as those within NHB-historical (Fig. 4) despite the broader genetic base and larger pedigree distances in the former cultivar group (Table 1; Fig. 3) . Second, NHB-modern and SHB cultivars exhibited similar levels of heterozygosity (Fig. 6) despite the considerably higher levels of inbreeding in the former cultivar group (Fig. 5) . Boches et al. (2006a) found that wild V. corymbosuin accessions were genetically more diverse than cultivated NHB as assessed by SSR polymorphism. It is likely that this difference was caused in part by a founding event, i.e., when breeders choose only a few genotypes for all subsequent crop improvement (Hyten et al., 2006) . Founding events are known to create genetic bottlenecks that can result in reduced heterozygosity, loss of rare alleles, and changes in allelic frequencies (Halliburton, 2004) . Our research indicates that, after Frederick Coville's initial founding event, the heterozygosity of the cultivated highbush blueberry has continued declining as a consequence of selective breeding.
